We present a detailed study of the thermal evolution of H ion-induced vacancy related complexes and voids in bulk GaN implanted under ion-cut conditions. By using transmission electron microscopy, we found that the damage band in as-implanted GaN is decorated with a high density of nanobubbles of ϳ1 -2 nm in diameter. Variable energy Doppler broadening spectroscopy showed that this band contains vacancy clusters and voids. In addition to vacancy clusters, the presence of V Ga , V Ga -H 2 , and V Ga V N complexes was evidenced by pulsed low-energy positron lifetime spectroscopy. Subtle changes upon annealing in these vacancy complexes were also investigated. As a general trend, a growth in open-volume defects is detected in parallel to an increase in both size and density of nanobubbles. The observed vacancy complexes appear to be stable during annealing. However, for temperatures above 450°C, unusually large lifetimes were measured. These lifetimes are attributed to the formation of positronium in GaN. Since the formation of positronium is not possible in a dense semiconductor, our finding demonstrates the presence of sufficiently large open-volume defects in this temperature range. Based on the Tao-Eldrup model, the average lattice opening during thermal annealing was quantified. We found that a void diameter of 0.4 nm is induced by annealing at 600°C. The role of these complexes in the subsurface microcracking is discussed.
I. INTRODUCTION
Blue GaN-based laser diodes emitting a coherent and narrow spectral line at 450 nm open up new applications in optoelectronic data storage, visual information, medical devices, and biophotonics. 1 These diodes are based on highquality In-rich InGaN quantum wells grown by metalorganic vapor-phase epitaxy on GaN substrates with a low defect density. 2 To meet this crystalline quality requirement, bulk or free-standing ͑fs͒ GaN substrates are used in the fabrication of blue laser diodes instead of the relatively highly defective GaN epilayers grown on foreign substrates. High-crystalline quality fs-GaN wafers are usually obtained by hydride vapor-phase epitaxy growth of thick GaN layers on sapphire and subsequent separation from sapphire substrates. 3 Beyond the blue laser-based applications, the availability of these fs-GaN substrates can potentially impact on other devices such as power devices and ultrahigh brightness light-emitting diodes ͑LEDs͒.
4 However, the current cost of these fs-GaN wafers remains too high to allow a large scale production of these new devices. Therefore, in order to compete with the alternative technologies ͑e.g., SiC͒, an important decline in fs-GaN cost is needed.
One of the possible strategies to reduce the cost would be the splitting of several thin layers from a single fs-GaN wafer ͑donor wafer͒ and their transfer onto appropriate handle wafers. In principle, this can be achieved by using the ion-cut process, commercially known as smart cut. 5, 6 In this process, hydrogen ͑H͒ and/or helium ͑He͒ energetic ions are implanted ͑under well-controlled conditions͒ into a donor wafer. After implantation, the implanted wafer is bonded to a handle wafer. During annealing at intermediate temperatures, the interaction of the implanted species with the radiation damage acts as an atomic scalpel producing extended internal surfaces. This leads to the splitting and transfer of a thin layer with a thickness equivalent to the implantation depth. Note, however, that layer transfer can only take place if the bonded interface donor/handle remains stable during thermal annealing. Ion cut is currently used in the fabrication of silicon-on-insulator and germanium-on-insulator wafers. 5, 7 These successful applications of the ion-cut process have led since mid-1990s to a sharp increase in the experimental and theoretical studies of H ͑and He͒ interactions with implantation-induced defects and their thermal behavior in order to decipher the fundamental mechanisms responsible of the layer splitting.
8-10 A few works have also reported on this phenomenon in some conventional compound semiconductors. [11] [12] [13] Techniques such as vibrational spectroscopies, [14] [15] [16] [17] [18] [19] transmission electron microscopy, 10, 20 Rutherford backscattering spectrometry in the channeling mode, [21] [22] [23] x-ray diffraction, 24 and positron annihilation spectroscopy 22, 25 improved greatly our understanding of the microscopic mechanisms of the ion-cut process ͑particularly in Si͒. These studies have demonstrated the critical role of H-vacancy ͑H-V͒ complexes and damage-generated stress in the formation of nanoscopic platelets and voids immediately after implantation. Thermal annealing was found to induce an increase in open-volume defects parallel to a rearrangement in H-V complexes characterized by a collapse of multivacancy complexes and persistence ͑or even increase͒ in highly passivated monovacancies. Despite the absence of conclusive evidence, it is generally assumed that the formation and trapping of H 2 molecules trigger the observed microstructural transformations. Annealing above a critical temperature leads to a relaxation of the internal strain by subsurface microcracking. In contrast to the case of Si, only a few studies of ionimplantation-induced GaN layer splitting were reported so far. [26] [27] [28] [29] In those studies, phenomenological aspects of H blistering of GaN were addressed exclusively letting unexplored the atomic processes and the underlying physics. Recently, in order to explore the basic mechanisms involved in the ion-induced splitting of GaN, we employed several complementary experimental techniques to study the microstructure produced by H ions and its thermal evolution. This has led to the identification of some critical structural transformations leading to the layer splitting of bulk GaN. 30, 31 However, for a better understanding of the microscopic mechanisms, the role of point-defect and H-defect complexes should be investigated in details. In this paper, we elucidate the nature of vacancy complexes and voids involved in H ion-induced splitting of GaN. For this purpose, we used variable-energy Doppler broadening spectroscopy ͑VEDBS͒ in order to probe open-volume defects and their thermoevolution. Pulsed low-energy positron lifetime spectroscopy ͑PLEPLS͒ was employed to qualitatively characterize H ion-induced vacancy complexes and to observe their subtle changes during the thermally activated splitting of GaN thin layer. The associated morphology of the implanted region was studied systematically by using transmission electron microscopy.
II. EXPERIMENTAL DETAILS
Our experiments were carried out using LED quality ϳ300 m thick 2 in. double side polished fs-GaN wafers. The wafers were subject to room-temperature implantation with 50 keV H ions corresponding to H mean depth of ϳ320 nm, as measured by elastic recoil detection. 30 For its part, atomic displacement field peaks at a shallower depth around ϳ285 nm estimated from ion-channeling analysis. 30 The wafers were implanted with a fluence in the range of ͑0.5-3.0͒ ϫ 10 17 H / cm 2 . After implantation, fs-GaN wafers were annealed in N 2 atmosphere at different temperatures ranging from 100 to 600°C. After standard cross-section preparation including thinning by ion milling, pieces from the wafers, as implanted or annealed, were observed by transverse-section electron microscopy ͑XTEM͒ using a Philips CM 20T machine operated at 200 kV. XTEM images were taken off-focus in order to highlight some implantationinduced nanoscopic features. Positron annihilation experiments were performed on similar samples.
Depth-profiled Doppler broadening measurements were carried out using the variable-energy positron beam at the Research Center Dresden-Rossendorf. Positrons were produced by a 10 mCi 22 Na source assembled in transmission with a 1 m monocrystalline tungsten moderator, transported in a magnetic guidance system. A beam having a diameter of 4 mm and an intensity of Ϸ10 2 ␤ + / s was used in the analysis. The samples were mounted in an UHV chamber at room temperature. The ␥ annihilation spectrum was recorded with a high-purity Ge detector having an energy resolution of Ϸ͑1.09Ϯ 0.01͒ keV at 511 keV. The data were processed with a digitally stabilized multichannel-analyzer system. The Doppler broadening of the 511 keV ␥-ray peak was measured as a function of the incident positron energy E in the range of 0.03-35 keV. At each energy E, a spectrum with approximately 5 ϫ 10 5 total counts was collected in the 511 keV annihilation line. In VEDBS measurements, the Doppler broadening of the 511 keV annihilation line is characterized by the so-called S parameter, which is defined as the ratio of the counts in a central region of the 511 keV annihilation photopeak to those in the whole area of this line. In this experiment, the S parameter is normalized to the S value measured for bulk GaN in the as-received state.
PLEPLS measurements were conducted at the positron beam facility NEPOMUC at the Munich Research Reactor FRM II. 32, 33 This system produces a sharp positron pulse of 150 ps in full width at the half maximum with high intensity and low background in between the pulses at the location of the sample. To preserve the same pulse shape at all implantation energies, only the final sharp pulses are accelerated to the desired implantation energy. After acceleration, the positrons pass the field-free Faraday cage until they reach the specimen, in which they annihilate. One of the annihilation quanta is registered by the detector ͑BaF 2 scintillator coupled to fast photomultiplier͒ below the sample station and the time between implantation and annihilation is measured to accumulate the lifetime spectrum. In our experiments, the positron beam with energy varying from 0.5 to 18 keV was used. At a fixed implanted positron energy, data were collected for more than 10 6 annihilation events at room temperature. The lifetime spectrum of positrons, D͑t͒, is given by
where i and I i represent the positron lifetimes and their corresponding intensities, respectively. The observed spectra were analyzed using POSWIN software 34 in which the resolution function was a sum of three Gaussian distributions. Generally, the experimental results are presented in terms of the average positron lifetime av defined as
The average lifetime is statistically a rather accurate parameter because it does not depend much on the spectra decomposition.
III. RESULTS AND DISCUSSION
After annealing for 5 min at 600°C, only GaN samples implanted with a fluence Ն2.6ϫ 10 17 H + / cm 2 display a large density of dome-shaped blisters indicative of subsurface microcracking. Implantation below this critical fluence does not produce any blistering even after annealing for long durations at temperatures as high as 900°C. This agrees well with earlier observations. 26 This very high critical fluence is one of the most striking differences between GaN and other semiconductors in which a few 10 16 H + / cm 2 is sufficient to induce the exfoliation. Supported by studies of damage buildup in GaN implanted with different ions ͑e.g., C, Si, Au, etc.͒, 35 several authors have postulated that the high critical fluence is attributed to a very efficient dynamic annealing of point defects in GaN. [26] [27] [28] [29] This explanation stands in sharp contrast to the blistering behavior of GaN implanted with H at low temperature. In fact, no change in the critical fluence is observed when the implantation is carried out at liquid-nitrogen temperature at which the dynamic annealing of point defects is significantly reduced. 26 In contrast, lowtemperature implantation was found to increase the thermal budget indicating that a larger accumulation of defects makes actually the blistering even harder to trigger. 26 Therefore, it appears to be inaccurate to attribute the high critical fluence to a pronounced dynamic annihilation of the implantationinduced point defects. The extrapolation of data obtained with other ions to the H case can be fraught with uncertainty. In fact, one has to consider the chemical reactivity of H and the stabilizing effect of dangling bond passivation in addressing defect dynamic annealing and damage buildup in H-implanted semiconductors. 36 Alternatively, the intrinsic mechanical properties as well as the nature of H-induced defects may be critical in determining the fluence of H ions needed to cleave GaN. Another peculiarity of GaN is the absence of the synergistic effect upon successive implantations with He and H ions in both orders, which was efficient in reducing the critical fluence and thermal budget in other semiconductors ͑see, e.g., Refs. 19 and 37, and references therein͒. Intriguingly, we found that the implantation of He alone requires the same critical fluence as H. Also, this critical fluence does not vary when highly p-doped GaN is used instead of undoped GaN. Note that in Si, for instance, the critical fluence decreases greatly for highly p-doped substrates. [38] [39] [40] These observations suggest that the phenomenon of ion-induced exfoliation may be fundamentally different in GaN as compared to the well-studied semiconductors. Consequently, it is worthwhile to elucidate the fundamental aspects of H exfoliation of GaN. Here, we focus our investigation on undoped substrates implanted with H ions at the critical fluence of 2.6ϫ 10 17 H + / cm 2 . Figure 1 displays a XTEM image of as-implanted GaN. We note that H ion implantation induces a broad damage band extending over a 300-nm-thick layer starting about 200 nm below the surface. No extended defects are observed at the implanted fluence. Instead, a high density of nanoscopic bright spots of ϳ1 -2 nm in diameter is detected. The change in their contrast during focus variation suggests that they are voidlike structures ͑nanobubbles͒. A drastic decrease in their density is observed beyond a depth of ϳ280 nm. During the implantation of energetic H ions into GaN several physical and chemical processes take place leading to a variety of damage-related structures including point defects in both sublattices, H-defect complexes, point-defect clusters, and free hydrogen. A first attempt to experimentally identify H-defect complexes in H-implanted GaN was published by Weinstein et al. 41 They found that the IR absorption spectrum of as-implanted GaN displays two main vibrational bands centered at 3139.5 and 3023.1 cm −1 ͑as measured at liquid-He temperature͒. These modes were attributed to H trapped in N dangling bond defects near a Ga vacancy ͑V Ga ͒. The band at the highest frequency is attributed to a V Ga -H 4 mode while the band at the lowest frequency is associated to V Ga -H n containing fewer H atoms ͑i.e., n Յ 3͒. However, the data obtained by Weinstein et al. 41 cannot be directly extended to our case because the fluence implanted in their case is approximately two orders of magnitude lower than the critical fluence of H exfoliation of GaN. Our preliminary IR data ͑not shown͒ indicate that a large fraction of H is trapped in higher frequency modes k Ͼ 3140 cm −1 ͑beyond V Ga -H 4 frequency͒, which we tentatively attributed to N-H stretch modes in the internal surfaces of implantation-induced nanobubbles. 31 No Ga-H ͑or V N -H͒ related mode was detected in our samples. From this, it is reasonable to assume that the observed nanobubbles ͑Fig. 1͒ are the result of H stabilization of V Ga clusters.
As described above, large extended internal surfaces develop upon annealing of H-implanted GaN. Figure 2 shows a typical XTEM image of H-implanted GaN after annealing at 600°C for 5 min. We note that annealing has led to the cleavage of ϳ340-nm-thick GaN layer. The thickness of this layer is close to the H ion mean range ͑ϳ320 nm͒, which is suggestive of a preferential microcracking near the H concentration peak. However, unlike the case of H implantation at excessively high fluences, 42 annealing here does not lead to the formation of large ͑ϳ20 nm͒ faceted cavities. The evolution of vacancy-related complexes and voids is investigated next. Since positron annihilation is insensitive to large open volumes, we limit our analysis to samples annealed for 2 min corresponding to the subcritical regime. Figure 3 shows the "shape" or S parameter as a function of incident positron energy ͑S-E curve͒ for the unimplanted, proton-implanted, and annealed GaN samples at different temperatures. The top horizontal axis shows the mean implantation depth of the positrons. The S values are normalized to S = 1.0 for defect-free bulk GaN ͑S N = S / S b ͒ in the bulk ͑at maximum positron energy͒, and any increase in S N above this value is indicative of open-volume defects. Defined in this way, the S N parameter can be used as an approximate gauge of the type of defect. For example, S N for monovacancies is 1.030, S N for divacancies is 1.034-1.044, small vacancy clusters are expected to have 1.05-1.07, and for voids S N is 1.10-1.14. 43, 44 From Fig. 3 , it can be seen that for the unimplanted sample, the S N parameter decreases gradually from the surface state to the bulk state with increasing energy, and becomes constant at E Ͼ 10 keV. At low positron energies ͑0-2 keV͒, the positron penetration depth is so low that the positrons can diffuse back to the surface. The higher S parameter values, observed for all samples, near the surface are attributed to an enhanced annihilation possibly due to surface contamination. After proton implantation and annealing, we can see, in addition to the annihilation at the surface, the presence of annihilations in two different regions: the region around 10 keV, where S N exhibits the maximum values and the defect-free region beyond the implanted zone ͑Ͼ500 nm͒.
In the implanted region the maximum defect density is located at a depth of about 250 nm close to the displacement peak measured by ion channeling. 30 Before and after annealing, the S N values are greater than 1.0 indicating the presence of open-volume defects. Moreover, for this depth of 250 nm, all S N values are higher than the specific value of 1.055, which is typically associated to V Ga V N complex. 45 Nevertheless, due to the complexity of the ion-induced microstructure, the contribution from other defects cannot be excluded. Hence, we can conclude that in this region the majority of defects generated after implantation and also after annealing are larger than monovacancies. Similar observations were recently reported by Tuomisto et al. 46 for 100 keV H ionimplanted GaN at a fluence of 5 ϫ 10 17 cm −2 . Immediately after implantation, the maximum value of S N is 1.071, which indicates that the implantation has produced vacancy clusters. Their depth profile coincides well with the observed nanobubbles ͑Fig. 1͒. After annealing at 300 and 400°C, the S N values are practically the same as for the as-implanted state, which means that the defects present are stable against annealing in this temperature range.
Interestingly, for GaN samples annealed at 500 and 600°C, the S N values are equal to 1.09 and 1.101, respectively. This suggests that larger voids grow after annealing above 500°C. Similar voids were also observed by Fan et al. 43 in GaN films implanted with Al + immediately after implantation.
In Fig. 4 , we present the evolution of the average lifetime vs positron energy for the virgin GaN, as-implanted and annealed samples. The first remark that we can make is the overall similarity in the behavior of the average lifetime and S N parameter with positron energy. From Fig. 4 , it can be clearly seen that for the virgin sample, the average positron lifetime shows the bulk lifetime equal to 162 ps at high positron implantation depth. 47 This indicates the absence of positron traps at least for a depth greater than 100 nm. After implantation and as a result of positron trapping into openvolume defects, the average lifetime becomes much higher than the bulk one. After implantation and also after annealing, the average lifetime at the surface ͑depth below 100 nm͒ is high due to the low electron density. The same behavior is also observed for S parameter. Moreover, in the range of 200-500 nm, we can clearly see the presence of a maximum as a result of defect generation by H implantation. This maximum increases with increasing annealing temperature especially for 500 and 600°C.
After implantation and annealing, the lifetime spectra were fitted with three lifetime components by using the POSWIN software. 34 Figure 5 displays the evolution of the three lifetimes 1 , 2 , 3 with their intensities. The decomposition of the lifetime spectra is also presented in Table I Fig. 3 . the positron energy of 10 keV corresponding to a depth of about 246 nm. It appears that for the as-implanted and annealed samples at 300 and 400°C, the first lifetime 1 is smaller than the one in bulk GaN. According to recent ab initio calculations, 45 this component may be related to the presence of a Ga vacancy defect containing two hydrogen atoms V Ga -H 2 . Indeed, hydrogen pushes the positron density out from the vacancy leading to a shorter lifetime. Note, that for Ga vacancy-related defects, the typical lifetime is ͑V Ga ͒ = 235 ps. 48 After annealing at 450, 500, and 600°C, the values of 1 are equal to 220 ps, 236 ps, and 230 ps, respectively. These lifetimes are not far from the typical value of Ga vacancy. Hence, we can conclude that for these temperatures, the defects corresponding to this lifetime are monovacancies.
For the second lifetime 2 , a clear increase from 260 ps for the as-implanted sample to 332 ps for the annealing temperature of 450°C is observed. Moreover, the values of 2 are longer than the positron lifetime for V Ga ͑235 ps͒ previously reported. It can be concluded that up to a temperature of 450°C, the defects present are divacancies ͑V Ga V N ͒ or at least have an open volume similar to this defect. It is important to note that the existence of divacancies was also reported by Uedono et al. 49 in the case of implanted and annealed GaN samples. After annealing at 500 and 600°C, the values of 2 equal 449 and 418 ps and are so large that they cannot arise from either monovacancies or divacancies. The lifetimes of 449 and 418 ps are indicative of the presence of vacancy clusters. 50, 51 This result is in accordance with that obtained from S parameter measurements described above ͑Fig. 3͒.
For the third lifetime 3 , the values of 470, 500, and 600 ps indicate also the presence of vacancy clusters up to 400°C. However, for the annealing temperature of 450, 500, and 600°C, the values of 3 are equal to 1, 2.2, and 3.8 ns. These values are larger than the longest lifetime which can be expected for positron annihilation in a solid. In analogy with an early study of voids in a-Si, 52 these unusually long lifetimes can only be attributed to the formation of positronium within the open-volume regions in the annealed ͑T Ն 450°C͒ H-implanted GaN. Based on the Tao-Eldrup model, 53 one can estimate the average open-volume corresponding to these long lifetimes. We found that the lifetimes of 1 ns, 2.2 ns, and 3.8 ns correspond to a void diameter of about 0.2 nm, 0.3 nm and 0.4 nm, respectively. Intriguingly, the formation of the positronium was not observed in the as-implanted GaN despite the presence of sufficiently large voidlike structures ͑Fig. 1͒.
Let us now turn to XTEM data. Figure 6 displays a XTEM micrograph of H-implanted GaN annealed at 400°C for 2 min. No significant qualitative change is detected in the damage band compared to the as-implanted state ͑Fig. 1͒. The same nanobubbles are still observable. However, their density appears to increase upon annealing at 400°C. Interestingly, neither Doppler broadening ͑Fig. 3͒ nor lifetime ͑Fig. 4͒ measurements show a difference between asimplanted and 400°C annealed samples. Therefore, it can be inferred that these nanobubbles are somehow invisible to positrons. Two factors can explain this discrepancy: the lack of open volume due to H trapping within these nanobubbles ͑i.e., the nanobubbles are actually filled with H͒ and an overall positive charge of the complex. The diameter of these nanobubbles increases significantly ͑up to ϳ7 nm͒ upon annealing at 600°C ͑Fig. 7͒. Again, such a drastic increase in nanobubble size is not visible in the positron data ͑Fig. 4͒ where the largest wall spacing is found to be 0.4 nm at the It is interesting to note that for the as-implanted and annealed GaN samples, the Doppler measurements reveals only two vacancy-type defects in the as-implanted and annealed GaN, namely, vacancy clusters and voids, whereas the decomposition of the lifetime spectra of the same samples suggests the presence of other types of defects ͑V Ga , V Ga -H 2 , and V Ga V N ͒. While it is hard to describe the role of each defect in H implantation-induced layer splitting of GaN, it is plausible to attribute a physical role ͑internal pressure and strain buildup͒ to nanobubbles and a chemical role ͑bonds weakening and breakage͒ to H-V complexes. The strain builds up during annealing likely due to the trapping of free H available in GaN lattice by nanobubbles as well as to interstitial clusters as demonstrated by high-resolution x-ray diffraction. 31 The strain starts to relax around 450°C, 31 which corresponds to the beginning of lattice opening reaching a spacing of 0.2 nm. Annealing above this temperature increases the spacing to reach 0.3 nm and 0.4 nm for 500°C and 600°C, respectively. A pronounced relaxation was indeed detected in this temperature range. 31 The formation of this subnanometer spacing can be at the origin of subsurface microcracking.
IV. CONCLUSION
To conclude, we have studied the thermoevolution of defects in H implanted and annealed free-standing GaN under ion-cut conditions. XTEM data showed that the damage band in as-implanted GaN is decorated with a high density of nanobubbles of ϳ1 -2 nm in diameter. These nanobubbles persist and their density and diameter increase during annealing. The decomposition of the lifetime spectra of asimplanted and annealed samples up to a temperature of 450°C resulted in the detection of two vacancy-related defects: divacancies ͑260-282 ps͒ and vacancy clusters ͑470-650 ps͒. With increasing temperature, we have noted, in addition to the already mentioned defects, the presence of another kind of vacancy defects, namely, monovacancies ͑220-236 ps͒ and a long lifetime which is attributed to positronium. From the values of positronium lifetimes equal to 1, 2.2 and 3.8 ns, it was possible to estimate the corresponding average void diameter according to the Tao-Eldrup model to be in the 0.2-0.4 nm range. The formation of these nanoscopic open-volume defects takes place in the subcritical regime preceding GaN layer splitting. This leads us to consider the observed voids as embryos of the subsurface microcracking leading to thin layer splitting. 
